Abstract The expression of structural plumage colours (i.e. those generated by feather microstructures) often acts as a signal of quality, but the signal content of these traits remains relatively unknown. However, a hypothesis posits that the production of structural colouration depends on developmental stability because variation in developmental programs can affect the precise feather structures that generate structural colour. Here, I test this hypothesis by exploring the relationship between crown colouration, calculated by using a model of avian visual perception, and fluctuating asymmetry (FA) of tail feathers in Blue Tits (Cyanistes caeruleus). As predicted, there was a negative correlation between the ultraviolet (UV)-blue reflectance of the crown patch and FA of feathers. There was indirect evidence for a relationship between fledging success and UV-blue colour, but not for a condition dependence of this trait. These results suggest that the signal content of the structural colouration of Blue Tits may be information regarding individuals' developmental stability. As the colour components of the crown colouration were calculated with an avian visual perception model, this indicates that Blue Tits can perceive differences in FA through variation in the expression of structural colour.
Introduction
Structural plumage colouration is generated by the optical effects of light waves interacting with the matrix of keratin and air of feathers, and is responsible for the blue and ultraviolet (UV) hues of several bird species (Prum 2006) . These colour traits are often involved in processes of mate choice (Hill 2006) . Plumage signals produced by pigmentbased colours (e.g. melanins or carotenoids) are generally thought to be the product of trade-offs between allocating pigments to that signal versus physiological maintenance. Theory predicts that only high quality individuals will be able to afford to utilise large concentrations of pigments for signalling (e.g. Alonso-Alvarez et al. 2008; Galván and Alonso-Alvarez 2008; Mougeot et al. 2009 ). The signal content of structural colours is controversial; however, as the feather nanostructures that produce these colours may not be constructed from any limited nutrients, no developmental constraints may therefore act on these structures (Prum 2006) .
Recent studies suggest that the expression of structural plumage colours may be constrained by diet, condition, developmental stability and environmental stressors. First, Peters et al. (2007) showed that the expression of structural plumage colouration depends on the availability of protein necessary to produce the structural components of feathers (i.e. keratin), and other studies have shown that the production of some types of structural plumage colouration is related to nutritional condition (Keyser and Hill 1999; Doucet 2002; McGraw et al. 2002; Johnsen et al. 2003) . Second, the production of melanins may be limited to high quality individuals that are able to afford the antioxidant costs of these pigments (Galván and Alonso-Alvarez 2008, 2009) or can gain access to melanin precursors (Poston et al. 2005) . As the presence of melanin layers in feathers is necessary to produce structural colours (Shawkey and Hill 2006) , the costs of producing melanins may indeed represent costs for producing structural colouration. Lastly, some analyses suggest that structural colour expression depends upon the nanoscale regularity of the spongy layer of keratin in feather barbs (Shawkey et al. 2003) , and similar results linking colour expression to nanostructure variables related to developmental instability have been reported in insects (Kemp et al. 2006) . These latter results suggest that only individuals able to mount a proper developmental program or to resist the effects of environmental stressors can express structural colouration to a high degree (Shawkey et al. 2003; Kemp et al. 2006) . Thus, the honesty of structural plumage colouration may be mediated by developmental constraints, which may be generated by individual differences in either the expression of genes that control developmental stability (Fitzpatrick 1998; Andersson 1999; Ö rnborg et al. 2002; Shawkey et al. 2003; Siefferman and Hill 2005) or in the capacity to afford costs associated with environmental stressors (Kemp et al. 2006) .
My aim here is to examine the relationship between the characteristics of a structurally produced plumage colour and developmental stability, as measured by fluctuating asymmetry (FA) of tail feathers, in the Blue Tit (Cyanistes caeruleus) (Fitzpatrick 1998; Andersson 1999; Ö rnborg et al. 2002; Shawkey et al. 2003; Siefferman and Hill 2005) . FA is the deviation from the symmetry of a bilateral trait as a consequence of the incapacity of an organism to perform a developmental program, so FA of tail feathers can be used as a proxy for the developmental stability experienced by birds (Møller and Swaddle 1997) . I used tail feathers because FA has been measured in this trait in several species of birds, which has been shown to reflect phenotypic quality (Møller 1991; Møller and Höglund 1991; Aparicio and Bonal 2002) , and it is a non-destructive and easy method to estimate FA in live birds.
The Blue Tit is a small passerine bird that presents a structural blue crown plumage patch that is sexually dimorphic regarding UV reflectance (Andersson et al. 1998; Hunt et al. 1998) . A large body of evidence exists to support a role of crown UV reflectance as an honest signal in intraspecific communication (Alonso-Alvarez et al. 2004; Poesel et al. 2007 ). In particular, male UV reflectance predicts annual survival and reproductive success (Sheldon et al. 1999; Delhey et al. 2003; Griffith et al. 2003) , and females mated to more UV-reflective males produce more sons and provide more parental care and nest defence (Sheldon et al. 1999; Griffith et al. 2003; Limbourg et al. 2004; Johnsen et al. 2005; Korsten et al. 2006) . Furthermore, there is some evidence that female crown UV reflectance may also be a signal used by males when choosing mates (Andersson et al. 1998; Hunt et al. 1998 ; but see Delhey et al. 2007 ). However, the mechanisms mediating the honesty of Blue Tit crown colouration remain unknown .
I predicted that, if the structural plumage colour of Blue Tits reflects the capacity of birds to perform a tight developmental control of feather elements and thus the developmental stability of birds, high quality individuals (i.e. those presenting high UV reflectance in the crown patch, see above) should present low FA levels in their feathers. UV colouration and FA levels should thus be negatively correlated. I used current models of avian colour vision (Vorobyev et al. 1998; Endler and Mielke 2005) to estimate crown colour components that are perceived by Blue Tits and thus have the potential to be significant in intraspecific signalling.
Methods
The study was carried out in May-June 2007 in a deciduous forest of Pyrennean Oak (Quercus pyrenaica) in Miraflores de la Sierra, central Spain (40°49 0 N, 03°46 0 W). Frequent checks of nest-boxes allowed me to determine the date of clutch initiation and clutch size for all breeding pairs. A total of 34 Blue Tits (16 males and 18 females, representing 15 adults, 15 yearlings and four individuals of unknown age) were captured at the nest-boxes on day 6 (hatching day = day 0), and classified as yearlings or older according to plumage (Jenni and Winkler 1994) . Individuals were uniquely marked with metal rings, weighed with a portable electronic balance and their tarsus length measured with a digital calliper. The fifth pair of rectrix feathers was plucked in each bird and stored in a bag until measurements were made. The length of the feathers was measured by putting them straight on a piece of polystyrene and marking with two entomological pins the extreme points of the feathers, that is, the base of the calamus and the end of the rachis. The distance between pins was then measured with a digital calliper. All feathers were measured twice, but both measurements were made on different days to avoid unconscious bias in determining feather length. FA was calculated as the absolute value of the difference between the average length of the left and the right rectrix feathers (|L -R|), as this value was not correlated with trait size (Møller and Swaddle 1997; see Sect. ''Results'') .
On day 15, the nestlings were weighed and their tarsus length measured. After day 15, the nest-boxes were inspected shortly after all nestlings had fledged to search for dead nestlings or cues of predation, but none were found. Thus, the number of fledglings on day 15 divided by clutch size was used as an estimate of fledging success (e.g. Sanz et al. 2001 ).
Reflectance spectrometry
Plumage reflectance measurements were taken from the crown patch of Blue Tits. Data were collected in the field using an Ocean Optics USB2000 spectrophotometer (range 250-800 nm) with ultraviolet (deuterium) and visible (tungsten-halogen) lamps and a bifurcated 400-lm fiberoptic probe (Dunedin, Florida, USA). The fiber optic probe both provided illumination and obtained light reflected from the sample, and had a reading area of *1 mm 2 . The measurements were taken at a 90°angle to the sample. The spectrometer measured reflectance in 0.36-nm increments. All measurements were relative to a white ''Spectralon'' tablet (WS-1-SS; Ocean Optics, Dunedin, Florida, USA), and the system was frequently calibrated. The spectral curves were generated by using OOIBase software. Three readings were obtained for each individual. The probe was removed between each measurement, but each replicate reading was taken from the same point on the crown. The results of reflectance measurements are shown in Fig. 1 .
Visual modeling
Colour vision in diurnal birds is dependent upon four types of retinal cone cells which are sensitive to either very short (VS, ultraviolet (UV)), short (SWS, blue), medium (MWS, green) or long (LWS, red) wavelengths (Maier and Bowmaker 1993; Cuthill 2006) . Spectral data were reduced into four quantal cone catches (Vorobyev et al. 1998 ) that quantify the amount of light captured by each of the single cones. By using the SPEC package (Hadfield and Owens 2006) implemented in R (R Development Core Team 2004), the four quantum cone catches (Q i ) were calculated by multiplying cone sensitivities by the reflectance spectrum, the irradiance spectrum and the transmission spectrum of the ocular media, as expressed by the formula:
where k indicates wavelength (nm), R i (k) is the sensitivity (nm) of cone type i, S(k) is the percent of light reflected from a patch compared to a white standard, I(k) is the irradiance spectrum (lmol m -2 s -1 nm -1 ) and O(k) is the transmittance spectrum of the ocular media.
As the cone catches change with varying illumination, I(k), and this is discounted by animals through colour constancy, the von Kreis algorithm was used to normalise Q i by the quantum cone catch for the irradiance spectrum. The irradiance spectral data used were obtained from a standard forest shade illumination provided by the SPEC package (Hadfield and Owens 2006) , as this irradiance spectrum is the most appropriate for my case (see habitat description above), and an achromatic adapting background (Hadfield and Owens 2006) . I used the ocular media transmittance of the Blue Tit (Hart et al. 2000 ). Each cone catch was then standardised by dividing them by the sum of the four cone catches, and three of the standardised cone catches were divided by a fourth (that corresponding to LWS in this case) and their natural logarithm was then calculated. Thus, three log-contrasts were calculated to break the unit-sum of the four standardised cone catches (Hadfield and Owens 2006; Galván 2010) . In addition, these log-contrasts permit considering an opponency model of colour vision where the exact opponency mechanisms are unspecified, as perception of chromatic variation occurs through a physiological mechanism that contrasts the relative outputs of the different cone types (Endler and Mielke 2005; Hadfield and Owens 2006) .
Following Hadfield and Owens (2006) , a principal components analysis (PCA) was performed on the three log-contrast colour variables in order to treat them as a multivariate response in a multivariate 'animal model'. The eigendecomposition showed an axis (PC1) that explained 75.7% of phenotypic variation (eigenvalue = 2.27; mean ± SE: 0.00 ± 0.16; range: -1.73 to 2.94; n = 38). The factor loadings for PC1 were high and positive for the first two log-contrasts (0.92 and 0.98 for UVS-and SWS-log contrasts, respectively) and lower for the MWS log-contrast (0.67), indicating that it is determined by the two first cone catches versus LWS. Thus, high PC1 scores indicate relatively more reflectance at short (i.e. UV-blue) wavelengths as compared to long (i.e. red) wavelengths. As achromatic variation in birds is thought to not be perceived through the four single cones but by double cones (Campenhausen and Kirschfeld 1998; Osorio et al. 1999) , I calculated the double cone quantum catches from data on double cone spectral sensitivity of Blue Tits following the same procedure for the four single cones. The double cone quantum catch was used as a 'brightness index' (mean ± SE: 0.05 ± 0.00; range: 0.01-0.11; n = 38). This brightness index was negatively correlated with PC1 scores in the Blue Tits (Pearson correlation test: r = -0.57, n = 34, P \ 0.0001).
Analyses of FA Some preliminary analyses were performed to determine if the distribution of L -R values was due to FA or to any other type of asymmetry (van Dongen et al. 1999 ). First, I tested whether the distribution of L -R values differed from a normal distribution through a Shapiro-Wilks test, and whether the mean value significantly differed from zero through a one-sample t-test. To estimate the magnitude of FA in relation to measurement error and directional asymmetry (DA), a mixed model was performed in which random effects were estimated with a restricted maximum-likelihood (REML) approach (van Dongen et al. 1999 ). In this model, trait size was a function of side (fixed effect) ? individual (random effect) ? side nested in individual (random effect) ? measurement error (random effect). FA and DA are represented by the random side effect and the fixed side effect, respectively (e.g. Stige et al. 2005 Stige et al. , 2006 . In addition, I tested whether the skewness and kurtosis of the distribution of L -R values significantly differed from zero according to Zar (1999) . To test whether FA depended on trait size, I performed a Pearson correlation test on standardized (mean = 0, SD = 1) |L -R| values and standardised mean values of feather length for each bird.
Statistical analyses
To test for a relationship between crown colouration and FA, general linear models (GLM) were performed with each of the colour parameters (i.e. PC1 and brightness index) as a dependent variable. The saturated models included sex and age as fixed factors and FA as a covariate. The interaction between sex and FA was also included because crown colouration is a sexually dichromatic trait in Blue Tits (e.g. Andersson et al. 1998; Delhey et al. 2003 Delhey et al. , 2006 , which suggests that trait expression may be differentially constrained in males and females , and thus FA may have different effects on crown colouration in both sexes. The interaction between age and FA was not included because there were no a priori reasons to test for differences in the relationship between FA and crown colour between age classes.
Similar models were performed to test for a relationship between crown colouration and body condition, including this latter variable as a covariate. Body condition was expressed as body mass divided by the cube of tarsus length (Galván 2010) , and the same analyses were repeated using the residuals of body mass regressed on tarsus length as an alternative measurement of condition. Although the measurements of condition taken for the present study may not reflect the condition of birds at moult (i.e. end of summer), changes in body mass between winter and spring are small and probably not related to changes in body condition in Blue Tits (Delhey et al. 2006) , so that body condition in spring is likely to reflect condition when the feathers were developed like in the closely related Great Tit (Parus major) (Gosler and Harper 2000) .
To test for a relationship between crown colouration and different parameters of breeding success, laying date (logtransformed), nestling mass, nestling condition (calculated as in the parents) and fledging success (arcsine-square-roottransformed) were included as dependent variables in separate GLMs with sex, age and the interaction between sex and the colour parameters.
In all cases, inspections of the distribution of residuals confirmed that the normality assumption was fulfilled. The presence of outliers was determined on the basis of Cook's distances greater than 2 and leverages greater than 2p/n, where p is the number of parameters in the model and n is the sample size (Crawley 1993) .
Results

Measurement error and asymmetry distribution
|L -R| values were not significantly correlated with trait size (r = -0.24, n = 34, P = 0.177), so that these untransformed absolute values were used as an estimate of FA in subsequent analyses (mean FA ± SE: 0.29 ± 0.04 cm; range: 0.00-0.72 cm; n = 34). The distribution of L -R values did not differ significantly from a normal distribution (W = 0.96, P = 0.328), and the mean of this distribution did not differ significantly from zero (t = 1.10, df = 33, P = 0.277).
Although the measurement error was large (Z = 5.83, P \ 0.0001), FA was significantly related to the variance in tail feather length (Z = 5.73, P \ 0.0001), while DA was not (F 1,66 = 0.02, P = 0.893). The distribution of L -R values was symmetrical and mesokurtic as derived from a skewness (g 1 = -0.108) and a kurtosis (g 2 = -0.435) not significantly different from zero (Z g1 = -1.02, P = 0.308; Z g2 = 0.76, P = 0.447). More specifically, although the kurtosis was negative, the distribution was not platykurtic because the one-tailed P value was still not significant (P = 0.224). Therefore, the tail feather length of Blue Tits presented size-independent FA and not other types of asymmetry, after controlling for measurement error.
Relationship between crown colouration and tail FA Age was not significantly correlated with colour PC1 (F 1,25 = 1.48, P = 0.235), and was therefore removed from the model. The same was done with the interaction between sex and FA (F 1,30 = 1.23, P = 0.276). The model obtained explained 35.4% of variance in colour PC1 scores and included sex (F 1,31 = 14.61, P = 0.001) and FA (F 1,31 = 4.78, P = 0.036), indicating that males presented more relative UV reflectance than females (least squares mean ± SE, males: 0.69 ± 0.20, females: -0.39 ± 0.19; Fig. 1 ) and that colour PC1 was negatively correlated with FA (b = -1.29, t = -2.19, P = 0.036; Fig. 2 ). There was an adult male that presented a very high PC1 score and may thus represent an outlier (see Fig. 2 ), but a Cook's distance lower than 2 (0.46) and a leverage lower than 2p/n (0.09; 2p/n = 0.18) indicated that it was not. In any case, the effect of FA remained close to significance when this point was removed (F 1,30 = 3.91, P = 0.057).
In contrast, only age was significantly related to the brightness index of Blue Tits (F 1,28 = 5.71, P = 0.024; least squares mean ± SE, yearlings: 0.05 ± 0.00, adults: 0.04 ± 0.00). Neither FA (F 1,26 = 0.02, P = 0.881), sex (F 1,27 = 0.46, P = 0.504) or their interaction (F 1,25 = 0.20, P = 0.657) contributed to explain variance in the brightness index.
Relationship between crown colouration and body condition Body condition measured as body mass divided by the cube of tarsus length was not significantly related to colour PC1 (F 1,29 = 0.73, P = 0.399) after controlling for the effects of sex (F 1,29 = 10.02, P = 0.004; least squares mean ± SE: males: 0.59 ± 0.23, females: -0.38 ± 0.20) and age (F 1,29 = 3.34, P = 0.078). The interaction between sex and condition was not significant either (F 1,28 = 0.03, P = 0.860). Similarly, brightness index did not depend on the body condition of birds (F 1,29 = 0.92, P = 0.344), and only age had an effect (F 1,31 = 10.32, P = 0.003; least squares mean ± SE: yearlings: 0.06 ± 0.00, adults: 0.03 ± 0.00; sex: F 1,30 = 1.71, P = 0.200; sex 9 condition: F 1,28 = 0.05, P = 0.820). The same results were obtained when the residuals of tarsus length regressed against body mass were used as an estimate of body condition (results not shown).
Relationship between crown colouration and breeding success There were no significant relationships between the colour parameters and laying date, nestling body mass, nestling condition or fledging success (results not shown), with the exception of an effect of brightness index on fledging success that was close to significance (b = -7.28, F 1,30 = 3.63, P = 0.066) after controlling for the effects of sex (F 1,29 = 0.01, P = 0.903), age (F 1,27 = 0.11, P = 0.744) and the interaction between sex and brightness index (F 1,28 = 0.00, P = 0.952), which indicates that fledging success tended to decrease with increasing the crown brightness of the parents.
Discussion
As predicted, the relative UV-blue reflectance of the crown plumage of Blue Tits was negatively related to the FA of tail feathers. This suggests that the developmental stability experienced by birds is reflected in the colour properties of feathers. As plumage colouration was measured through a model of avian colour vision, this result indicates that Blue Tits have the potential to perceive the developmental stability of conspecifics through the evaluation of UV-blue colour. Thus, the present study provides some correlational evidence for the hypothesis that structural colours signal the capacity of individuals to perform a tight developmental control of feather elements (Fitzpatrick 1998;  Andersson 1999; Ö rnborg et al. 2002; Shawkey et al. 2003; Siefferman and Hill 2005) , as FA measures the capacity of individuals to perform a developmental program of morphological structures (Møller and Swaddle 1997) .
On the other hand, I found weak evidence for condition dependence of the Blue Tit crown colouration. Although many types of biological signals exist (Hasson 1997) , most of our current understanding on honest signalling comes from the Handicap Principle (Zahavi 1975) , which establishes that variation in the expression of the signals is due to inter-individual differences in the capacity to afford certain costs. These costs are generated by environmental influences, and thus the expression of handicap signals is strongly environmentally dependent, which means that a relationship between signal expression and individual condition must exist (Zahavi 1975; Grafen 1990 ). In the case of the structural colour of Blue Tits, Johnsen et al. (2003) and Peters et al. (2007) found a positive correlation between UV chroma (a physical measurement of UV relative reflectance) and body condition in nestlings, which led other authors to assume that a similar relationship between structural colouration and condition might exist in adults (Limbourg et al. 2004 ), but to my knowledge there are no published reports of relationships with body condition in adult Blue Tits. It is thus possible that the lack of correlation between crown UV-blue reflectance and body condition in the present study represents a general pattern and the crown colouration is not a condition-dependent trait in Blue Tits. However, the results presented here support the view of this trait as a signal of individual quality, as fledging success tended to increase with an index of plumage brightness as might be perceived by birds, which is in turn positively related to UV-blue reflectance (see ''Methods''), independently of sex. This is in accordance to several previous studies showing fitness benefits for the more reflectant males (Sheldon et al. 1999; Delhey et al. 2003; Griffith et al. 2003; Limbourg et al. 2004; Johnsen et al. 2005; Korsten et al. 2006 ) and mutual mate choice based on this trait (Andersson et al. 1998; Hunt et al. 1998) . Therefore, the colour properties of the Blue Tit crown patch may signal quality through other mechanisms different from costs, i.e. by signalling 'good genes'.
FA is produced by differences in the capacity of genotypes to produce a phenotype under certain environmental conditions (Møller and Thornhill 1998) . This measurement of developmental stability has an important role in sexual selection, probably because it is correlated with different individual attributes (Møller and Thornhill 1998) , and is also negatively related to several components of fitness (Møller 1997 ). The present study shows that Blue Tits can perceive differences in FA by the observed variability in UV-blue reflectance of the crown plumage patch, and that this colour trait is not condition-dependent. This suggests that the signal content of the Blue Tit structural colouration may be the capacity of the genotype to produce a certain phenotype (i.e. crown colour). To my knowledge, this is the first time that a measurement of developmental stability is related to the expression of structural plumage colouration as might be perceived by birds. Future studies should investigate the structural components of feathers that are more dependent upon the capacity of individuals to perform a developmental program and how these components affect the expression of structural colour traits that can be perceived by birds. 
Zusammenfassung
